Purpose The purpose of this study was to examine the effect of subperiosteal injection of chondroinductive growth factors on the histological and biomechanical outcome of autologous osteoperiosteal grafts.
Introduction
Surgical treatment of deep osteochondral defects is still a challenging problem. Autologous chondrocyte transplantation (ACT) was introduced in the treatment of full thickness articular cartilage defects and shows good clinical outcome after ten to 20 years [1] . Concerning deep osteochondral defects, the transplantation of autologous osteochondral grafts (mosaicplasty) has been popular but has variable clinical results [2] [3] [4] . It is the only technique to cover defects with genuine articular cartilage and to restore the cancellous bone. But donor-site morbidity may compromise the clinical outcome [2, 5, 6] . Artificial scaffolds recently have shown less favourable results for the treatment of osteochondral defect in the knee [7, 8] .
The chondrogenic potential of periosteum is well documented in vitro [9] and in vivo [10] and was linked to periosteal precursor cells in the cambium layer [11] . Free autogenous periosteal grafts have been shown to restore cartilage defects [12] . Various growth factors including BMPs [13] are chondrogenic and in vitro experiments have shown that growth factors can stimulate and sustain periosteal chondrogenesis [14, 15] . Additionally, subperiosteal injection of TGF-β1 has effectively increased periosteal cartilage formation in vitro [16] and in vivo [17] .
We have shown earlier that native periosteum-covered bone grafts improved bone and cartilage repair in a larger animal model [18] . We have reported on the molecular character of osteoperiosteal grafts treated with subperiosteal injection of the chondroinductive growth factor mixture [19] where Col2a1 expression was stimulated by GFM treatment after six weeks. In this paper we postulate that subperiosteal injection of chondroinductive growth factors may stimulate the histomorphological and biomechanical properties of periosteum derived articular cartilage repair tissue when autologous osteoperiosteal grafts are transplanted into critical size osteochondral defects in a large animal model.
Materials and methods

Study design and surgical procedure
The surgical procedure was performed under general anaesthesia as described earlier [19] . A critical size osteochondral defect [20] was created in the centre of the high weight bearing medial facet of the femoral trochlear groove [21] (6.3×10 mm, Fig. 1a ) in both knee joints of 18 skeletally mature Göttingen Minipigs (Ellegaard Minipig, Dallmose, Denmark, mean age 30 months). Each defect was treated by press-fit implantation of an autologous osteoperiosteal bone plug, harvested from the ipsilateral proximal tibia (Fig. 1b) . The attached periosteum was randomly either left untreated (group P = control) or treated with subperiosteal injection when the osteoperiosteal block graft was in place (Fig. 1c) of a chondrogenic and osteogenic growth factor mixture (group P + GF = periosteum + growth factors) in order to stimulate mesenchymal derived neo-chondrogenesis and tissue differentiation. Donor-site defects in the tibia were filled with commercially available bone substitutes to prevent stress-fracture [22] . After surgery, all animals were kept in cages and allowed free exercise and weight bearing. The animals were euthanised at six (n=6), 12 (n=6) and 52 weeks (n=6) follow up by intravenous injection of a barbiturate overdose (Narcobarbital, Eunarcon©, ParkeDavis, Germany). All procedures were performed according to the German animal welfare act dated 25th May 1998 and the experimental design was approved by the animal rights protection authorities in Baden-Württemberg, Germany (AZ.: .81/148/00).
Protein mixture/growth factors A highly purified growth factor mixture (GFM) extracted from dematerialised bovine bone [23] was provided by Centerpulse Biologics (Winterthur, Switzerland). GFM contains proteins of the BMP superfamily such as BMP 2, 3, 4, 6, 7, TGF-β1, -2, -3, aFGF-1, osteocalcin and osteonectin [23, 24] . Cell culture experiments have proven a dosedependent chondrogenic induction potential on a murine stem cell line [25] and collagen 2a1 expression in bone marrow derived stem cells without molecular signs of chondrocyte hypertrophy [19] . The freeze-dried powder of the GFM was dissolved in 2 mM HCl to a final concentration of 0.5 mg/ml. Aliquots of 300 μl were stored at 4°C until use. A fine, angulated needle (Microlance© 3, 26 G5/8; Becton Dickinson, Germany) and a 1 ml syringe (Plastipack © , Becton Dickinson, Germany) were used to inject a total volume of 125 μl of the growth factor mixture into the periosteum (Fig. 1c) . As a result the periosteum was augmented (Fig. 1d ). Knees were flexed several times before closing the wound in layers. Tissue processing, biomechanical testing and histology After necropsy, both limbs were separated and the knee joint capsule was opened for digital imaging of the defect area under moist conditions (NaCl 0,9 %, Braun, Melsungen, Germany). To assess the biomechanical quality of the repair tissue, a non-destructive indentation test was applied as described elsewhere [26] . After biomechanical assessment, the defect area was sawn into two pieces, whereby one piece contained 60 % of the total defect area and was fixed in 4 % buffered formalin (pH= 7.4) for 48 hours. The remaining 40 % of each sample was frozen in liquid nitrogen and stored at -80°C for detailed molecular characterisation. These results were published elsewhere [19] . Specimens were decalcified (0.5 M EDTA), embedded in paraffin and sectioned (5-7 μm) in the sagittal plane to include the centre of the defect and the adjacent cartilage. Sections were stained with toluidin-blue and safranin O/fast green. Qualitative histomorphological evaluation and semi-quantitative scoring of the repair tissue was carried out by a blinded observer according to the ICRS II histological scoring system [27] .
Statistical analysis
The descriptive analyses include the percent data and the arithmetic mean ± the standard deviation (AM ± SD) for the interval scale level variables. The question of whether there is a significant difference between the two outcome groups was examined in a second step by bivariate chi-square tests (nominal and ordinal variables) and ANOVA (metric variables) was used to calculate significance. The tests were carried out as two-sided tests with significance limit p < 0.05 without alphaadjustment.
Results
There were no wound complications and all animals could be euthanised as planned. Donor-site defects at the medial aspect of the proximal tibia did not show any morbidity related to graft harvesting [22] . All knees were free of any signs of inflammation, infection, synovial adhesions or arthrofibrosis. Macroscopic evaluation revealed (six weeks) periosteal flap loosening (group P) in one animal; thus in total, 35 defects were evaluated. Gross appearance of the defect side revealed that four of the evaluated 35 cases were not transplanted level with the surrounding subchondral bone plate. In these cases we found severe disruption and ulceration of the retro patellar cartilage. No graft hypertrophy was seen.
Biomechanical testing
Both groups (P and P+GF) showed a much weaker compressive stiffness compared to healthy articular cartilage at six, 12 and 52 weeks follow up (Fig. 2a-c) . Although the maximal axial compressive stiffness of both groups was seen at 12 weeks after surgery (Fig. 2b) , the repair tissue became softer at one-year follow up (Fig. 2c) . Growth factor treatment did not improve the biomechanical properties of the repair tissue at any time point.
Semi-quantitative histomorphological grading
Total score and individual parameter values for both groups are summarised in Table 1 . At 6, 12, and 52 weeks mean score values were similar in both groups. Compared to sixweeks follow-up mean total score values increased at 12 weeks, indicating repair tissue maturation. At 52-weeks follow up mean overall score values declined to values comparable at six weeks follow up in both groups. Lowest values in the subscore "surface architecture" and "matrix staining" were reached at 52 weeks, indicating tissue degeneration by surface fibrillation and loss of glycosaminoglycans of the extracellular matrix in both treatment groups. There were no statistically significant differences between both groups and any time.
Qualitative histomorphological evaluation
From six weeks on all defects were completely filled with repair tissue (Fig. 3a) and the graft with periosteum was easy to distinguish. The periosteal repair tissue was integrated on both sides to the adjacent cartilage and the surface of the graft was smooth and regular. The character of the repair tissue was immature with mainly fibrous and some fibrocartilaginous tissue. In the cambium layer few signs of neo-chondrogenesis were evident. By 12 weeks, complete filling of the cartilage defect with repair tissue was found in both groups. Compared to six weeks, the repair tissue maturated with more intense neochondrogenesis in both groups (Fig. 3b) . If present, randomly scattered chondrocytes were found in well defined lacunae surrounded by a very intensively stained, glycosaminoglycan rich extracellular matrix (Fig. 4) . By 52 weeks, the architecture of the surface started to exhibit signs of fibrillation and became irregular (Fig. 3c) . The amount of neo-chondrogenesis at the cambium layer decreased in both groups similarly. The predominant character of the tissue was fibrocartilaginous with a loss of safranin O positive stain intensity, indicating a decrease of the glycosaminoglycan content of the extracellular matrix. No hypertrophy of repair tissue was evident throughout evaluation.
Osseous integration of the corticocancellous bone plug started at six weeks with microcallus formation and enchondral ossification at both upper edges of the transplant (Fig. 3a) . Contact bone healing occurred with a complete restoration of the bony defect. From 12 weeks on, the subchondral bone plate of the osteoperiosteal graft was remodelled into a more trabecular pattern. No osteolysis or cystic lesions were observed in either group and the graft was completely integrated in the native trabecular bone (Fig. 3b) . After 12 and 52 weeks one to three defects in both groups showed signs of ossification but limited to the juxtacortical repair tissue with no hypertrophic bone formation. The subchondral bone showed no pathological changes at one year (Fig 3c) .
Discussion
Histological data of various animal experiments have demonstrated that the intrinsic biological capacity to restore osteochondral defects extending deep into the subchondral bone is limited [18, 28] . Even if macroscopic coverage of the defect with fibrocartilaginous repair tissue was attained, cross-sectional histology revealed severe disruption of the subchondral bone integrity with formation of intraosseous cystic lesions. Additionally, biomechanical overload was present at the border of such osteochondral defects and promoted a degenerative osteoarthritic process at the adjacent articular cartilage [28, 29] . It is not surprising that there is concern among clinicians about the fate of deep osteochondral defects. The only protocol to treat such defects with genuine articular cartilage in one procedure is the transplantation of autologous osteochondral grafts. Applying this technique implies the creation of donor-site defects, which can be responsible for new clinical symptoms, even if the donor-site is assumed to be minor weight bearing [30] . Other techniques include cancellous bone grafts supplemented by either periosteum [12] or autologous bone graft with chondrocyte implantation [31] . Histo-anatomically, periosteum consists of two different layers, termed the stratum fibrosum and stratum osteogenicum also known as the cambium layer. In vitro experiments have shown the importance of the cambium layer for neochondrogenesis and linked this ability to the presence of mesenchymal progenitor cells [11] . Mechanical, e.g. CPM [32] , and biochemical stimuli, e.g. growth factors of the TGF-beta superfamily [14] , were able to support neochondrogenesis in periosteum [9] . Additionally, subperiosteal injection of TGF-β1 has effectively increased cellularity and periosteal cartilage formation in vitro [16] and enhanced the cartilage repair tissue quality in a rabbit model [17] . Our study has shown that transplantation of autologous periosteum covered bone plugs into the mechanical environment of a joint provides complete restoration of the cancellous bone defect but only a temporary restoration of the joint surface. The attached periosteum on top of the graft was not delaminated during joint motion and remained in place up to one year postoperatively. By transplanting osteoperiosteal plugs, the integrity of the subchondral cancellous bone was restored up to the original tidemark and no cystic lesions could be found at any time. These findings are contrary to those reported by van Susante et al. [33] . They found that autologous osteoperiosteal grafts did not incorporate into osteochondral defects (medial femoral condyle) in a goat model with osteoclastic resorption host bone collapse. The authors concluded that restoration of the joint surface by osteoperiosteal grafts was insufficient. An explanation for these poor results may be the use of a different operation technique. Van Susante et al. [33] used sharp chisels for donor and recipient site preparation. Such instruments destroy the micro-architecture of the trabecular graft bone and cannot ensure contact bone healing. By way of contrast, we used diamond-coated instruments allowing highly precise bone preparation, preserving the trabecular architecture with a press-fit of 0.1 mm [34] . Our results underline that this technique allows contact bone healing with full osseous integration of osteoperiosteal grafts.
Intraperiosteal neo-chondrogenesis with some cartilagineous repair tissue formation took place at the level of the cambium layer in either group. It became visible from six weeks onwards and reached its peak at 12 weeks follow up. In any event, the overall character of the periosteal repair tissue was fibrocartilaginous. It is well known that fibrocartilage is incapable of withstanding mechanical load during joint function and may undergo degenerative change over time. We found a noticeable degree of surface fibrillation in both groups after 52 weeks combined with a loss of glycosaminoglycan content. At the same time mechanical stiffness of the repair tissue decreased after reaching a peak at 12 weeks follow up in both groups. We conclude that even though complete restoration of the joint surface with fibrous or fibrocartilagineous repair tissue was present up to one year, the repair tissue induced by osteoperiosteal grafting is likely to deteriorate and disrupt over time. Table 1 Histological scoring of repair tissue at 6, 12 and 52 weeks follow up. According to the ICRS II scoring system [27] . All values are given as the mean and standard deviation for each parameter Score parameter 6 weeks 12 weeks 52 weeks P P + GF P P + GF P P + GF P control group, P + GF periosteum + growth factors group
Growth factor treatment
The concept of injecting substances into and underneath periosteum physiologically attached to its host bone is a new approach to influence tissue differentiation after osteoperiosteal grafting. The effect of growth factor treatment on cell and tissue differentiation is dose and time dependent. The applied technique of single dose injection could only provide a transient local growth factor concentration. Miura et al. could see a stimulatory effect on chondrogenesis in periosteal explants even after short exposure to TGF-ß1 [14] . Additionally, single dose subperiosteal injection of TGF-β1 has effectively increased cellularity and periosteal cartilage formation in vitro [16] and increased osteochondral repair tissue quality in vivo after subperiosteal injection seven days prior to surgery in a rabbit model [17] . On the other hand it is known that TGF-ß1 might induce a hypertrophic chondrocyte phenotype ex vivo [35] and also might induce arthrofibrosis [36] . In earlier published data looking at the molecular aspects of the GFM treatment we were able to show that hypertrophic markers were found equally in both treatment groups after 52 weeks, indicating no negative effect of GFM on cell hypertrophy in this setting [19] . We used a growth factor mixture that contained proteins of the BMP and TGF-β superfamily [23, 24] . Its dosedependent effect on cartilage formation [19, 25] has already been experimentally shown. A limited amount of neochondrogenesis was evident in both groups reaching its peak at 12 weeks with no effect of growth factor treatment on the histomorphological and biomechanical tissue characteristics. The time duration of the presence of the growth factors in our setup might play a relevant role in the stimulating effect on neochondrogenesis. A short exposure with a single shot bolus was not sufficient to effectively induce and sustain chondrogenic differentiation of the periosteal precursor cells. Earlier studies have shown that the chondrogenic effect is dependent on the substance type, the amount and time interval between injection and tissue harvest [16] . This indicates that a more effective stimulus on neochondrogenesis in periosteum may be reached by using recombinant growth factors such as TGF-β1 or OP-1 [14, 37] .
In summary, this study represents the first investigation to evaluate the effects of intraperiosteal injection of growth factors on tissue differentiation in autologous osteoperiosteal grafting at the time of surgery. Our results demonstrate the feasibility of such a procedure, but do not show a positive effect of GFM on the intrinsic capacity of periosteum for neo-chondrogenesis. Clinical use of native autologous osteoperiosteal grafting has been reported for the filling of donor-site defects after mosaicplasty or for primary treatment of osteochondral defects [12] . Artificial "off-the-shelf" implants, recently showed a catastrophic clinical outcome with a revision rate up to 70 % [7, 8] . Our data support the use of autologous protocols as autologous periosteum-bone grafts can provide a complete restoration of the subchondral cancellous bone defect. The cartilage repair tissue is only of an inferior fibrocartilaginous character and will deteriorate in the long term. Therefore the use of autologous osteoperiosteal grafts for the restoration of chondral defects cannot be recommended.
